SUMMARY This paper considers the way in which the oxygen reaction described by Dr. Nicholls and the ADP control reactions described by Dr. Racker could cooperate to establish a purposeful metabolic control phenomenon in vivo. This has required an examination of the kinetic properties of the respiratory chain with particular reference to methods for determinations of oxygen affinity (K,~). The constant parameter for tissue respiration is kl, the velocity constant for the reaction of oxygen with cytochrome oxidase. Not only is this quantity a constant for a particular tissue or mitochondria; it appears to vary little over a wide range of biological material, and for practical purposes a value of 5 X l0 T at 25 ° close to our original value (20) is found to apply with adequate accuracy for calculation of K,~ for mamrnalia. The quantity which will depend upon the tissue and its metabolic state is the value of K,~ itself, and K,~ may be as large as 0 . 5 /~ and may fall to 0.05 ~tM or less in resting, controlled, or inhibited states. The control characteristic for ADP may depend upon the electron flux due to the cytochrome chain (40); less ADP is required to activate the slower electron transport at lower temperatures than at higher temperatures. The affinity constants for ADP control appear to be less dependent upon substrate supplied to the system. The balance of ADP and oxygen control in vivo is amply demonstrated experimentally and is dependent on the oxygen concentration as follows. In the presence of excess oxygen, control may be due to the ADP or phosphate (or substrate), and the kinetics of oxygen utilization will be independent of the oxygen concentration. As the oxygen concentration is diminished, hemoglobin becomes disoxygenated, deep gradients of oxygen concentration develop in the tissue, and eventually cytochrome oxidase becomes partially and then completely reduced. DPN at this point will become reduced and the electron flow diminished. The rate of ATP production falls and energy conservation previously under the control of the ADP concentration will now be controlled by the diffusion of oxygen to the respiratory enzymes in the mitochondria. Under these conditions the rate of reaction of cytochrome oxidase with oxygen and the reaction of cytochromes with one another become of key importance. The rise of ADP and the depletion of energy reserves evoke glycolytic activity, and failure of biological function may result.
Oxygen was the topic of another symposium only 15 months ago (1), the results of which afford a good jumping off place for this one. There the biochemists' point of view emphasized the nature of the oxygen reaction, the site of oxygen utilization, and the amount needed for effective function. Physiologists emphasized the transport phenomena and the cellular architecture that led to efficient oxygen supply. Above all a further intense study of oxygen requirements in localized portions of the cells was pointed to.
Here, the program to this point has emphasized the chemical nature of oxygen and its reactivity with oxygen-transporting pigments. The two preceding papers considered the reactivities of oxygen and oxygen intermediates with hemoproteins (2) and the control of electron flow in the respiratory chain (3) . I will illustrate the control of oxygen utilization by oxygen itself and the control as well of the electron flow by ADP and phosphate, particularly to show how the two phenomena can interact to give an appropriate performance of cellular energy sources in response to physiological demands. The balance of energy demand and supply is indicated by Fig. 1 where we have taken as an example of energy demand, the contractile element of muscle. The release of P~ (0.5 ~mole/gm/twitch) and ADP is initially in the same amount, but ADP is attenuated by the buffering action of the creatine kinase system to a level of 0.006/~mole/gm/twitch. It is on these terms that the energy demands of contractility activate mitochondrial oxidative phosphorylation, accelerate electron flow, and increase the rate of oxygen reduction.
The close functional relationship of myofibrils to mitochondria is well recognized and is especially emphasized in thoracic muscles of insects in which striking and regular patterns of mitochondria and myofibrils are observed (for a recent summary, see reference 4). Perhaps no better example of functional relationship of energy demand and supply is afforded, except in the salt gland of the sea gull (5) in which all the energy supply for functional activity is derived from the mitochondria.
The Cytochrome Chain Little needs to be added to the description of cytochrome function in the cytochrome chain over and above that given by Nicholls (2) , but it is convenient to identify the approximate number of com- ponents involved in the sequence from substrate to oxygen. As schematically indicated in Fig. 2 , succinate and D P N H transfer electrons to their appropriate flavoproteins which communicate them to the chain of cytochromes. In non-phosphorylating systems cytochrome b may be bypassed and quinone reduction may be activated (6) . Generally, the chain can be considered to consist of an assembly of approximately one each of the cytochromes (7) .
Intramitochondrial Localization of Electron Transport
Negative staining with phosphotungstic acid has revealed greater detail of intramitochondrial structure (8, 9) and has led to a number of hypotheses concerning the location of cytochrome chains. For example, the electron micrograph ( Fig. 3 and reference 10) indicates at least three possibilities for the location of the respiratory
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chain: the inner membrane subunits (IMS), the basem embrane of the crista (M), or possibly the intercristal space (ICS). The interesting speculation that electron transport components were contained in the projecting subunits (11) has been put to experimental tests in a number of laboratories. One of the first and most obvious tests was whether or not cytochromes were removed when the IMS were removed. Our 1963 result with rat liver mitochondria is summarized in Table I ( 12) . Under these conditions a brief sonication strips over 90 per cent of the IMS from the base membrane as shown by electron microscopic examination. A spectroscopic examination of FIGURE 3. An electron micrograph obtained with negative staining with phosphotungstic acid representing three possibilities for the location of the respiratory chain in the fine structure of mitochondrial membranes (courtesy of Dr. Donald Parsons). (P 6255) the cytochrome content gives 0.35 m~mole cytochrome c per mg protein for the stripped membrane. The increase is presumably due to loss of intracellular membrane structure and of other proteins. In other words, we have concentrated, not removed, the electron transport components. The amounts of other cytochromes are essentially unchanged by sonication as indicated by the ratios of a to c and b to c. It is apparent that the cytochromes are not in the knobs (IMS), and since they are "insoluble," it is reasonable to conelude that they are in the base membrane. Thus, the base membrane of the crista is the site of oxygen utilization in the mitochondria. Fig. 4 illustrates the two types of control that are discussed in this paper, control by oxygen and control by ADP. If we regard the mitochondrion as a transducer in which the rate of formation of ATP (dATP/dT) is controlled by the oxygen concentration, control characteristics (13) of an approximately hyperbolic type will be obtained. The point we wish to emphasize is that the type of the control characteristic will depend upon the metabolic state of the mitochondria. In the resting state ADP or Pi is absent (state 4) and the maximal value of dATP/dT will be (17) have achieved a high sensitivity with the platinum electrode as indicated in Fig. 6 where the zero order utilization of oxygen is carried down to 0.1 uM. At that point the sensitivity is increased 2.5 times and finally 10 times. With the final increase of sensitivity the deviation of oxygen utilization from the zero order kinetics becomes clear-cut.
Oxygen Control of Electron Flow
Bacterial Luminescence Method Dr. F. J. Schindler has employed with great effectiveness the oxygen sensitivity of bacterial luminescence (17) and has achieved a sensitivity better than 10 -~° M oxygen. The use of this high sensitivity in recording the oxygen utilization in pigeon heart mitochondria is indicated in Fig. 7 . In this record pigeon heart mitochondria, initially anaerobic, are supplemented with 0.4/~M oxygen giving a luminescence which after a 30 second disturbance reaches a steady state (zero order region) and fails off linearly as the sensitivity is increased tenfold and finally 100-fold to give one nmolar oxygen, equal to two major scale divisions. It is apparent 
Summary of Experimental Data
Schindler employs two criteria for the oxygen control characteristics. One of them is derived simply from the experimental data and represents the value of oxygen concentration at which the initial slope and plateau value of the control characteristic intersect (see Fig.   4 ). Values obtained on this basis are given as "K,," for baker's yeast, nonphosphorylating beef heart particles, rat liver mitochondria, and pigeon heart mitochondria (see Table II ). An alternative calculation of K,, is based upon the equation for a simple enzyme system: obtained for the first order region of the control characteristic are listed for the various preparations, together with values of kl determined by methods described below. The value of K~ is then calculated from the equation:
These values of K.~ are seen to compare closely with the values of K , obtained directly from the control characteristics. The ratio of these values is approximately 0.6; the multienzyme system of the cytochrome chain approximates the simple enzyme system with respect to its oxygen control characteristic. These experimental data point to the variability of K~,. It is a quantity which is linearly related to the electron transport rate of the system under study. Therefore, it cannot be given as a fixed parameter of a given tissue or cell or mitochondrion. It must be one in which the metabolic state and associated electron transport activity are specified. The range of variation indicated by Table II is very large. For pigeon heart mitochondria with a low turnover number the value is approximately 0.02 #M while that obtained with rapidly respiring yeast is approximately 0.5 #~t. The turnover numbers given here cover the range of values to be expected in mammalian tissue.
02~ pl~ p~-~ p-5-,-p4~ AH These values agree fairly well with previous values for yeast (18, 19) . The values for succinate oxidase are in better agreement with the values of Longmuir (14) than are the values which we obtained from the "tail" of the oxygen electrode curve and from the tail of the fumarate curve (19) . It is probable that the enzyme concentrations were so high under our experimental conditions that the enzyme passed too rapidly through the first order region for an accurate measurement of the K~, value. Table II require the value of the "on" velocity constant for cytochrome oxidase: tt kl ut
Determinations from the Oxygen Kinetics The calculations of

+ a~ , a3 + O~-( 3 )
As indicated from the nature of the curve in Figs. 7 and 8, when the over-all reaction is in the "first order" region, the first order velocity constant for oxygen utilization can be calculated according to the following formula:
The reaction velocity constant kl is then calculated from the equation:
M where " a " is the cytochrome oxidase concentration calculated from spectrophotometric data (16) . A summary of values obtained in this way by polarographic and luminescence methods is included in Table III for the same materials as studied in Table I , the first order k being in the range 0.04 to 0.16 and the heme a concentrations in the range 1.7 to 5.8 riM. It is important to note that calculations of heme a concentration involve the molecular extinction coefficient of cytochrome oxidase, and the value Ae = 12.5 for the oxidized-reduced change at 605 and 625 mM is employed here.
The values of kl for the four materials are in the range 1.7 to 4.1 X 107 M -1 sec.-1. The range of values relative to one another is outside the known experimental error and is attributed to differences in the nature of the reaction velocity constant for cytochrome oxidase in different organs, tissues, and species.
Determinations from the Cytochrome Kinetics For some time we have attempted to develop rapid flow methods suitable for measuring cytochrome kinetics in situ in suspensions of mitochondria and cells (20, 21) . In this ease the first order constant k and the second order constant are calculated as follows:
and:
Oxygen Reaction with Respiratory Chain I73 k kt = LuJ"~;
It is important to note the difference in the calculation of kl in Tables III   T A and IV. In the former, kl is computed from the heine a concentration; in the latter, it is computed from the oxygen concentration. Table IV summarizes values of kl for yeast cells, for ascites tumor cells, and for rat liver mitochondria and DPNH oxidase preparation from beef heart, duplicating the experiments of Table III with the exception of pigeon heart mitochondria. The second order constants agree very closely for baker's yeast cells (2.6 and 3.0 respectively for Tables III and IV), but for rat liver mitochondria, 3.3 and 6, there appears to be a discrepancy of a factor of approximately 2. The data for the beef heart preparations are not comparable, since the values of Table III are measured at 3 °.
In order further to determine whether a discrepancy m a y exist between the two methods of measuring kt, we compare in Table V the values for k~ from the solubilized cytochrome oxidase preparation of Yonetani (22) determined by the luminescence method according to Schindler and by stop flow photolysis according to Gibson and Greenwood (23) . The experiments were carried out at temperatures within a few degrees of one another and give velocity constants of 2.2 and 8.0 X 107 M -1 sec. -I. Here a fourfold ratio of the two determinations is observed. The possibility that a significant discrepancy exists between the two methods points first to the difference in the basis on which kl is calculated, on the basis of heme a concentration in the polarographic method, and on the basis of oxygen concentration in the flow and photolysis methods. It is less likely that an error has occurred in the measuring of oxygen concentration than in the measurement of heme a. The nature of the error suggests that the heme a concentration has been overestimated by the optical method. In the flow method we determine the speed with which all the reducible heme a (cytochrome a3) can react with oxygen, regardless of whether this oxidase can "turn over" in steady state function. In the oxygen method we determine the decrease of oxygen utilization rate as the oyxgen concentration approaches zero, and the heme a concentration here refers to the functional or "turning over" cytochrome a8 or heme a. A discrepancy of this type is a distinct possibility in the case of the solubilized preparations where the amount of active cytochrome oxidase may be only a portion of the total heme a (the basis for the calculation of oxidase concentration makes the assumption of equal amounts of a and a3). These data suggest that only 25 per cent of the oxidase is active under the conditions of the experiment. The results for rat liver mitochondria also show some discrepancy. Here we have no reason to believe that a portion of the cytochrome oxidase of the mitochondria is inactive. Also it is possible that unknown aspects of the oxidative phosphorylation mechanism inactivate the cytochrome oxidase. It is possible, too, that in this case the value of the extinction coefficient from which the heme concentration is determined is somewhat too low. O n the other hand, the rather good agreement of the values for yeast indicates that this suggestion is inadequate. It is probable that experiments specifically designed to investigate the discrepancy of the k~ values are desirable.
The purpose of these studies is also to determine the K~ value. The value of kl of 5 X 107 ~-~ see. -~ is sufficiently accurate for determination of Km to the accuracy with which the turnover number is known in various cells and tissues. Thus, it is recommended for oxygen affinity calculations that the following relation be used at 25 o (the dimensions of Km are moles per liter) : The Cushioning Effect Since we are dealing with a multienzyme system of the respiratory chain, it is not obvious that an oxygen lack sufficient to cause complete reduction of cytochrome oxidase would cause a corresponding inhibition of electron flow. While one can observe this experimentally, we will take as an example an analogue computer simulation of the kinetics of intermediates of a four-enzyme system (Fig. 8) (19) ; pl, p2, P3 represent the cytochromes a, c, and c1 of the respiratory chain. The analogue computer representation starts with zero oxygen concentration and represents the addition of 40 #M oxygen to a system of 1 #M each of the enzymes. The duration of the steady state of p~ is very short and the changes of its steady state towards increased reduction are apparent throughout nearly the entire course of oxygen utilization. The effect is much less for p2 and P3, and for p4 an almost constant steady state level ensues during the interval of oxygen utilization. Reduction occurs only as the oxygen kinetics break into their final exponential phase. It is a property of a multienzyme to maintain a constant electron flow for a wide variety of steady state changes of the terminal oxidase, and it is this characteristic which tends to stabilize electron flow in the respiratory chain. This diagram further indicates that the steady state concentration that is relevant to electron flow to the chain is not that of the terminal oxidase but of the component nearest the substrate, p4 in this diagram, but in the intact respiratory chain, D P N H . In order to illustrate this principle, we compare in Fig. 9 the kinetics of reduction in the aerobic-anaerobic transition of a cytochrome with that of D P N H in a suspension of baker's yeast cells. The oxygen kinetics are recorded on the lowest traces. The concentration changes indicate the initiation of respiration, the zero order portion, and the characteristic break at low oxygen concentration. This trace was differentiated electronically to give the oxygen rate, and it was seen after a relatively slow rise to a maximum and a slight overshoot (due to a partial transition from state 3--4) (24) that the rate trace indicates the abrupt termination of respiratory activity. The time constant in the integrator is significant, and the break in the trace is probably slightly delayed from the actual time at which it occurs in the oxygen trace. Cytochrome c is indicated on the top trace. The addition of glucose causes reduction to an approximately constant steady state level, until the oxygen concentration becomes rate-limiting and cytochrome c makes a transition to its reduced steady state. In the third trace from the top pyridine nucleotide is measured fluorometrically with 360 m~ excitation and 450 mg measurement. Addition of glucose causes reduction to an approximately steady state (the D P N H cycle is small for these particular cells, reference 25). At the time marked by the abrupt reduction of cytochrome c and the abrupt termination of respiratory activity, reduced pyridine nucleotide makes a slow transition to the fully reduced state. A slow transition that starts slightly later than the cytochrome c trace is expected from the cushioning effect. An additional effect observed in. cells and tissues is the oxidation-reduction change in the cytoplasm that may accompany that in the mitochondria. These methods do not allow distinction of redox changes in these two compartments and the microfluorometric technique is required (26) . T w o additional traces are provided, one indicating the kinetics of acid production by yeast which is not noticeably affected at the moment of the aerobic-anaerobic transition because of the ratelimiting step in pyruvate decarboxylation. In the sixth trace, light scattering measured at 540 m# shows no change for the yeast cell suspension since 540 m # is an isobestic point for the oxidized-reduced changes. These traces verify that D P N H can be used as an indicator of the intracellular oxidationreduction state.
Application of the Fluorometric Method to Oxidation-Reduction States in Cells and Tissues
In order to make meaningful observations of the response of the respiratory enzymes to anoxia in tissues, it is necessary to consider a tissue which is actively metabolizing and which does not have large oxygen reserves. Skeletal muscles in a resting state are quite unsuitable. For example, the end point of pyridine nucleotide reduction in anoxia in a frog's excised sartorius muscle was not observed for about 4 hours after bathing with nitrogen (27) .
We have preferred, therefore, to carry out studies of hypoxia on the exposed cortex of the anesthetized rat or on the surface of the beating perfused heart. We shall describe examples of both these tissues. Since the review of our work on this point has recently appeared (28) , only a few examples of the application of the fluorometric technique to measurement of oxidation-reduction states in vivo need be afforded (28) . Fig. 10 illustrates the effect of stepwise decreases in the inspired air upon the light absorption of hemoglobin and the fluorescence of reduced pyridine nucleotide. The two latter quantities are measured in the same region of the cortex (29) . The top trace represents the per cent oxygen in the air inspired through a tracheal cannula by a urethane-anesthetized rat. It is seen that The bottom trace indicates the increases of fluorescence that accompany the decrease of inspired oxygen, and it is seen that the changes are scarcely measurable until the inspired oxygen is decreased from 6 per cent to zero. (Fig. 1 I) . I n this case the decrease of oxygen concentration recorded by the platinum electrode is indicated by an upward deflection, and the millimeters of oxygen in the inspired air are indicated on the top of the recording, 100, 65, 40, and 20. The tissue oxygen tensions estimated from the platinum electrode (for the discussion of possible errors in this method, see reference 1) are 58, 27, 6, less than 2 mm. While some reduction of D P N occurs at the 2 m m reading, most of the reduction occurs at lower tissue oxygen tensions. It is apparent that the sensitivity of the platinum electrode is inadequate for the determination of the very small oxygen concentrations at which true intracellular hypoxia occurs.
A similar experiment on a perfused heart is indicated in Fig. 12 . In this case the intracellular oxidation-reduction state is measured fluorometrically in the perfused heart and a gold electrode is inserted near the area of fluorometric observation for tissue oxygen measurement (31) . O n this trace a decrease of oxygen concentration is indicated as a downward deflection. The fluorescence recorded on the upper trace and pyridine nucleotide reduction are indicated as a downward deflection. O n changing the perfusate from oxygenated to nitrogenated medium, there is a precipitous fall in the tissue oxygen concentration indicated by the platinum electrode, and a reading of 60 mm is obtained before the D P N reduction is observed to increase. The two curves appear to follow the same course thereafter, and both recover towards their initial states on changing to oxygen-saturated perfusate. It is apparent from the experimental data for the Km of beef heart mitochondria (estimated to have turnover similar to that of the perfused rat heart) that the D P N reduction would not have started until oxygen tension of a few tenth micromolar. The electrode apparently overestimates the tissue oxygen tension, probably due to damage to the tissue immediately surrounding the electrode (for a discussion, see reference 32).
In summary the experimental data indicate that the change of fluorescence of tissues in the aerobic-anaerobic transition is a highly sensitive oxygen indicator; neither hemoglobin dissociation nor oxygen electrode techniques have an oxygen sensitivity comparable to that of the intracellular indicator. From what has been discussed above concerning the cushioning effect, the steady state level of D P N H should be most closely related to the electron flux rate, and we may therefore correlate the Km values of Table II with halfmaximal increase of the pyridine nucleotide reduction in the aerobic-anaerobic transition (for further discussion, see reference 28I).
The Relationship between Oxygen Aj~nity and Cell Function
The relationship of D P N reduction and cessation of oxidative phosphorylation to functional activity of tissue may be obscured by the presence of other energy sources such as glycolysis or energy reserves such as phosphocreatine. It is therefore essential to select a tissue and a metabolic state in which sensitivity to its mitochondrial energy source can be observed. It is obvious that muscle is a poor candidate for such study because of the high glycolytic activity of these tissues and a high phosphocreatine reserve. Tissues specialized for active transport are suitable, particularly those where the active transport can be recorded in terms of electrical activity. It is highly desirable to carry on experiments of this type for the correlation of a more quantitative measurement of D P N reduction. However, the chief problem seems to be the establishment of a level of functional activity and an exhaustion of energy reserves in the tissue under observation.
Control of Oxygen Utilization by ADP and Phosphate
If we refer again to Fig. 4 we see on the bottom portion the control of the rate of formation of A T P (dATP/dt) or by the A D P phosphate concentration when the oxygen concentration is not controlling. These control characteristics differ from the oxygen control characteristics since they do not pass through the point zero, zero but are displaced by the resting or state 4 respiration of the mitochondria. This level of respiratory activity is probably set by the energy requirements for the mitochondria to maintain a structural integrity and appropriate ionic composition. The rate may be accelerated at least tenfold by additions of A D P and phosphate.
The sites at which A D P control is exercised are indicated by the diagram of Fig. 14. While only one site is employed for control of electron transport by oxygen, three sites are employed by A D P and phosphate control. There are probably both thermodynamic and kinetic reasons for this. The thermodynamic argument is based upon the idea that the energy requirement for A D P phosphorylation is only a fraction of the energy available in oxygen reduction and substrate oxidation. Kinetic reasoning is based largely upon the cushioning effect illustrated by Fig. 8 . For a multienzyme system a more effective control can be obtained by simultaneous action at a number of sites in the chain than by action only at the terminal site. Fig. 14 indicates the three sites at which kinetic data indicate control interaction between D P N H and flavin, between cytochrome b and ci, and between cytochrome c and a (7) . The first of these three sites is the one on which Dr. Racker has given evidence of the participation of an 0-phenanthroline-sensitive substance in the control mechanism (3). His data are probably the first to indicate the extent of control over single sites; with the three sites acting together for D P N H oxidation, control ratios well in excess of tenfold and as high as 40-fold have been observed (33) . Control ratios are always less in succinate oxidation and factors of 7 are usual. Only scattered evidence is available for control between cytochromes c and a, and it is clear that the degree of control there is not as great as it is at the first two sites. Evidence that control may be emphasized in certain states of mitochondria is provided by phosphate depletion on addition of low concentrations of manganese or calcium (34) . It is apparent that high degree of control of electron transport by A D P and phosphate observed in intact mitochondria results from the cooperation of control at the three sites (7) .
The fact that A D P exerts control over electron flow and over the steady state oxidation-reduction levels of the respiratory carriers can be used to identify the presence and absence of A D P or phosphate; an example of this is illustrated in studies of rat liver mitochondria in Fig. 15 . Here, as in Fig. 9 , we have indicated on the bottom two lines the respiratory activity of the rat liver mitochondria suspension in response to one addition of 4 mM succinate and to three additions of 170 #M ADP. As previously, both oxygen concentration and oxygen rate are measured.
The second trace from the top represents the recording of the fluorescence changes of D P N H with 366 m# excitation and 450 m~ measurement. The addition of succinate gives a low oxidation rate which is accelerated many fold on adding 170 #M A D P as indicated by the derivative trace, dO2/dt. The respiratory stimulation lasts only as long as the A D P remains unphosphorylated so that the record illustrates the ability of A D P to control activation of Fig. 9 , but the convention of recording is the same. Addition of substrate reduces the component, and the three additions of ADP each cause oxidation of cytochrome b followed by a reduction which is synchronous with the slowing of respiratory activity. The last addition of ADP carries the system into anoxia, and it can be seen from the scale of the record that steady state changes in cytochrome b are a large percentage of the oxidized-reduced effect. The second trace from the top indicates the pyridine nucleotide components to be reduced on adding succinate and to show cyclic oxidations and reductions on two of the additions of ADP. On the third addition of ADP, the respiratory activity is t e r m inated not by the phosphorylation of ADP but by the expenditure of oxygen. Thus we have two examples of ADP control, but in the third example, the respiration is activated by ADP but is slowed by the exhaustion of oxygen. Thus the third record is especially interesting since it represents an acceleration of respiration under the ADP control and a deceleration under oxygen control. The third trace from the top represents light-scattering changes measured at 540 mtz. The mitochondria show a light-scattering decrease on adding substrate, and for each of the two additions of ADP, they show slight cyclic light-scattering increases and decreases which are in reasonable synchrony with the stimulation of respiration (35) . On the third addition of ADP it is probable that the slight jog in the trace observed at the moment of the aerobicanaerobic transition is due to oxidation-reduction change rather than to a scattering change; 575 m/~ is an approximate but not an exact isosbestic point for the oxidized-minus-reduced spectrum.
It is apparent that ADP control of mitochondrial electron flow can be employed not only to measure the P to O value (36) , but also as a qualitative indicator of the presence or absence of ADP by measurement of increases or decreases of carrier oxidation-reduction state.
ADP and Oxygen Control in Intact and Excised Muscle
The fluorometric technique has been of considerable use in studies of intact and excised tissue, and we indicate in Fig. 16 an early example of the application of this technique to strips of heart muscle of Bufo marinus where Jos6 Ramirez some years ago clearly showed the control of the oxidation-reduction state of cytochrome a in response to stimulation of the heart strips by the double beam spectrophotometric techniques. It is particularly appropriate to show Fig. 16 since my former colleague, Jos6 Ramirez, was recently killed in an automobile accident in Mexico City. I think this record bears witness to Ramirez's great experimental skill in carrying out these difficult and pioneering experiments (37) .
The upper trace records only light-scattering changes at 690 m/z and is useful in indicating each response of the heart muscle to stimulation at approximately 2/sec. The lower trace is a two-wavelength recording which shows even on the first contraction an increased reduction of cytochrome a which reaches the reduction plateau value in approximately four contractions and remains at a steady state until stimulation is stopped. This type of record provided strong evidence of the breakdown of A T P during a single contraction (38) and has stimulated those pursuing analytical chemical techniques for the detection of A T P breakdown to greater perfection of their methods (for a summary see reference 39).
Expt. S-15
Bufo marinas An example of control by the A D P and phosphate and by the oxygen levels in vivo is indicated by Fig. 17 . Here the fluorometric technique is used to monitor pyridine nucleotide reduction and oxidation from the exposed surface of the sartorius muscle of Burg marinus. Silver electrodes are inserted at each end of the sartorius muscle to provide stimulation. The animal is pithed. In this figure fluorescence decrease is indicated as an upward deflection. After an initial base line on the left portion of the trace, stimulation starts at 1 per second and causes an upward deflection of the trace indicating A D P control. The steady state is established after about a minute of stimulation with the D P N H highly oxidized. An increase of the stimulation rate to 1.5 per second causes a precipitous increase of fluorescence suggesting that oxygen has now become limiting and the oxidized state of D P N H can no longer be maintained. A maximum of reduction even beyond the initial state of the muscle is ob-tained after a further minute of stimulation at 1.5 per second. Under these conditions ADP is no longer controlling and rises further to activate glycolysis. Evidence for an ADP deficit is obtained when stimulation is stopped (see arrow) and the pyridine nucleotide level rises to a highly oxidized state even beyond that obtained with stimulation of 1 per second. The recovery of the " A D P debt" requires several minutes. 
